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The spindle checkpoint monitors microtubule attachment and tension at kinetochores to ensure
proper chromosome segregation. Previously, PtK1 cells in hypothermic conditions (23°C) were
shown to have a pronounced mitotic delay, despite having normal numbers of kinetochore
microtubules. At 23°C, we found that PtK1 cells remained in metaphase for an average of 101 min,
compared with 21 min for cells at 37°C. The metaphase delay at 23°C was abrogated by injection
of Mad2 inhibitors, showing that Mad2 and the spindle checkpoint were responsible for the
prolonged metaphase. Live cell imaging showed that kinetochore Mad2 became undetectable
soon after chromosome congression. Measurements of the stretch between sister kinetochores at
metaphase found a 24% decrease in tension at 23°C, and metaphase kinetochores at 23°C exhibited
higher levels of 3F3/2, Bubl, and BubR1 compared with 37°C. Microinjection of anti-BubR1
antibody abolished the metaphase delay at 23°C, indicating that the higher kinetochore levels of
BubR1 may contribute to the delay. Disrupting both Mad2 and BubR1 function induced anaphase
with the same timing as single inhibitions, suggesting that these checkpoint genes function in the
same pathway. We conclude that reduced tension at kinetochores with a full complement of
kinetochore microtubules induces a checkpoint dependent metaphase delay associated with

elevated amounts of kinetochore 3F3/2, Bub1l, and BubR1 labeling.

INTRODUCTION

The correct segregation of chromosomes is crucial to prevent
aneuploidy. The spindle checkpoint senses attachment of
kinetochores to the plus ends of spindle microtubules and
prevents anaphase onset until chromosomes are aligned and
kinetochores are under tension at the metaphase plate. A
single unattached kinetochore is sufficient to delay an-
aphase, as destruction of the last unattached kinetochore
induces anaphase onset, demonstrating that the “wait an-
aphase” signal is generated at kinetochores (Rieder et al.,
1995).

Many proteins required for the checkpoint were originally
identified by genetic screens in the budding yeast Saccharo-
myces cerevisiae. The genes Mad 1-3 (Li and Murray, 1991)
and Bub 1 and 3 (Hoyt et al., 1991) are required for mitotic
arrest and viability in the presence of microtubule poisons.
Homologues of Mad1 (Chen ef al., 1998), Mad2 (Chen et al.,
1996; Li and Benezra, 1996), Bub1 (Taylor and McKeon, 1997;
Sharp-Baker and Chen, 2001), and Bub3 (Taylor ef al., 1998)
have been found in higher organisms, and the localization of
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these proteins is high on unattached kinetochores and di-
minishes as kinetochores acquire microtubules and are un-
der increasing tension. A mammalian protein kinase that has
homology to both Mad3 and Bubl, named BubRl, also
localizes to mitotic kinetochores (Chan et al., 1999). Use of
mutants in yeast and dominant negative proteins or anti-
bodies in tissue cells have shown that inhibition of a single
checkpoint protein inactivates the checkpoint (Amon, 1999),
allowing for anaphase in the absence of microtubules. Ex-
periments also revealed that the mitotic checkpoint is in-
volved in normal mitotic progression, as inactivation of the
checkpoint in early mitosis can lead to premature anaphase
onset without an intervening metaphase (Gorbsky et al.,
1998; Canman et al., 2000).

The mitotic checkpoint controls anaphase onset by inhib-
iting the anaphase promoting complex/cyclosome (APC/
C), a ubiquitin ligase. At anaphase, activation of APC/C by
Cdc20 ubiquitinates securin, which is then degraded by the
26S proteasome. Securin protealysis results in sister-chroma-
tid separation (King et al., 1996, Zachariae and Nasmyth,
1999). The APC/C inhibitory signal is generated at the ki-
netochore because a single unattached kinetochore can in-
hibit anaphase onset (Rieder et al., 1995). How the inhibitory
signal is generated and how the checkpoint monitors micro-
tubule attachment and/or tension at the kinetochore are
topics of much debate. Microtubule attachment induces the
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loss of checkpoint proteins at kinetochores, in particular, a
substantial loss of Mad2 (Waters et al., 1998; Hoffman ef al.,
2001). Mad2 is able to bind Cdc20 and inhibit APC/C acti-
vation in vitro (Li et al., 1997; Fang et al., 1998), and Mad2
turns over quickly at unattached kinetochores, with a half-
life of 24-28 s (Howell et al., 2000). The cycling of Mad2 on
and off kinetochores is thought to be crucial for generating a
soluble APC/C inhibitor, and Mad2 depletion from attached
kinetochores may signal anaphase onset (Gorbsky et al.,
1998; Waters et al., 1998; Hoffman et al., 2001).

However, the checkpoint is also responsive to tension, as
tension applied to a misattached kinetochore using a mi-
croneedle induces anaphase (Li and Nicklas, 1995). A ten-
sion-sensitive phosphorylation at the kinetochore detected
by the 3F3/2 antibody has been shown to become dephos-
phorylated in response to tension (Gorbsky and Ricketts,
1993; Nicklas et al., 1995). Kinetochores exhibit a “memory”
of their 3F3/2 phosphorylation state after lysis (Campbell ef
al., 2000), reflecting a chemical change that takes place at
kinetochores in response to tension. Taxol treatment of
metaphase cells causes loss of tension without a loss of
kinetochore microtubles and results in substantial increases
in the phophorylation detected by the 3F3/2 antibody (Wa-
ters et al., 1998). Elevated levels of the kinases Bubl and
BubR1 at kinetochores in HeLa cells have been found in
response to loss of tension caused by low concentrations of
vinblastine (Skoufias et al., 2001), and Bubl1 levels increase in
response to taxol (Taylor et al., 2001). Thus, kinetochore
localization of these checkpoint components appears sensi-
tive to tension, independent of microtubule attachment, al-
though tension also stabilizes microtubule attachment
(Nicklas et al., 2001). BubR1 interacts with the kinetochore
motor CENP-E (Chan et al., 1999), suggesting that BubR1
may be involved in linking the checkpoint to forces gener-
ating tension at the kinetochore. Recent work has shown that
BubR1, either alone or in a complex, can bind to Cdc20 and
act as an inhibitor of APC/C activation in vitro (Sudakin ef
al., 2001; Tang et al., 2001; Fang, 2002).

The molecular composition of the BubR1 inhibitory com-
plex is uncertain. Sudakin ef al. (2001) describe the isolation
of an APC/C inhibitory complex from HeLa cells they
named MCC (mitotic checkpoint complex), which contains
BubR1, Bub3, Cdc20, and Mad2. The inhibitory activity of
this complex in vitro is over 3000-fold greater than Mad2
alone. Other labs have found that in checkpoint-arrested
cells, Cdc20 forms two separate complexes containing either
BubR1 or Mad2 but not both (Fang, 2002; Tang et al., 2001).
In vitro assays show that BubR1 alone is able to bind and
inhibit Cdc20-APC at much lower concentrations than Mad2
alone (Fang, 2002; Tang et al., 2001). Addition of Mad2, but
not Bub3, stimulates the inhibition of APC/C by BubR1 in
vitro (Tang et al., 2001; Fang, 2002). Therefore, BubR1 and
Mad2 may act synergistically or in a complex to prevent
APC/C activation.

However, Skoufias et al. (2001) recently proposed that
Mad2 and BubR1 act in two independent checkpoint path-
ways monitoring microtubule attachment and tension, re-
spectively. Conditions that result in a loss of tension but not
kinetochore microtubules initially cause an increase in
BubR1, but not Mad2 levels at kinetochores (Waters ef al.,
1998; Skoufias ef al., 2001). The checkpoint arrest caused by
vinblastine was not overcome by microinjection of anti-
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Mad2 antibodies (Skoufias et al., 2001), suggesting that the
checkpoint arrest caused by tension is Mad2 independent.
However, a taxol-induced arrest that produces loss of ten-
sion but not attachment does require Mad2 (Waters et al.,
1998).

Previous studies on PtK1 cells under hypothermic condi-
tions (23-25°C) showed a mitotic delay (Rieder, 1981), de-
spite the attachment of normal numbers of kinetochore mi-
crotubules (Cassimeris et al., 1988). We were interested in
determining if this mitotic delay at low temperatures was
due to the mitotic checkpoint and if so, which checkpoint
proteins were involved.

MATERIALS AND METHODS

Cell Culture

PtK1 cells (American Type Culture Collection, Rockville, MD) were
grown on coverslips and maintained in Ham’s F12 medium, pH 7.2
(Sigma Chemical Co., St. Louis, MO) supplemented with 10% FBS,
100 U/ml penicillin, 0.1 mg/ml streptomycin, and 0.25 ug/ml am-
photericin B in a 37°C, 5% CO, incubator. HeLa cells were main-
tained in DMEM (Life Technologies, Rockville, MD) supplemented
with 10% FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and
0.25 pg/ml amphotericin B. For microinjection or filming experi-
ments, cells were incubated in dye-free L-15 medium, pH 7.2 (Sigma
Chemical Co.), supplemented as described for Ham’s F12.

Immunofluorescence

Cells were lysed in freshly prepared 0.5% Triton X-100 in PHEM
buffer (60 mM Pipes, 25 mM HEPES, 10 mM EGTA, 4 mM MgSO,,
pH 6.9) at 23 or 37°C. When staining for the phosphoprotein recog-
nized by the 3F3/2 antibody, 100 nM microcystin (Sigma Chemical
Co.) was included in the lysis buffer. Cells were then fixed in freshly
prepared 4% formaldehyde in PHEM bulffer at 23 or 37°C for 20 min.
Cells were then rinsed three times for 5 min in PBS with 0.05%
Tween-20 (PBST) and blocked overnight at 4°C in PHEM with 5%
donkey serum. Primary antibodies were diluted into PHEM with
5% donkey serum, and cells were incubated at room temperature
for 1 h. After three 5-min PBST washes, secondary donkey anti-
rabbit, anti-mouse, or anti-human antibodies (diluted 1:100 in
PHEM with 5% donkey serum) were added for 45 min.

CREST-SH serum was a gift from Dr. B.R. Brinkley (Baylor Col-
lege of Medicine, Houston, TX) and used at 1:600. Affinity-purified
BubR1 antibodies (Chan ef al., 1998) were used at 1:500 dilution. The
mADb to the 3F3/2 antigen was provided by Dr. Gary Gorbsky
(University of Oklahoma Health Sciences Center, Oklahoma City)
and used at 1:5000 dilution. Antibodies to Mad2 were affinity puri-
fied as described (Waters ef al., 1998) and used at 1:50. Bub1l was
detected using rabbit sera provided by Dr. Don Cleveland (Univer-
sity of California at San Diego) at 1:200.

Microinjection

Before microinjection, coverslips were mounted in modified Rose
chambers (Rieder and Hard, 1990) lacking the top coverslip, and
chambers were filled with L-15 media. A circle was inscribed on the
bottom coverslip using a diamond-tip scribing objective (Carl Zeiss,
Inc., Thornwood, NY) and was used as a reference to relocate
injected cells. Injections were performed on a Zeiss IM microscope
equipped with phase optics and a 40X/0.75 NA objective. The
microinjection system is essentially as described (Waters et al., 1996).
For injection of anti-Mad2 antibody, antibody was affinity purified
as previously described (Waters ef al., 1998) and injected at a needle
concentration of 1-2 mg/ml. GST-Mad1F10 was purified as de-
scribed (Canman ef al., 2002b) and injected at a needle concentration
of 5 mg/ml in HEK (20 mM HEPES, 100 mM KCI, 1 mM DTT, pH
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7.7). BubR1 antibody for injection was a gift from Dr. Guowei Fang
(Stanford University, Stanford, CA) and was used at a needle con-
centration of 2.5 mg/ml in PBS (140 mM NaCl, 2.5 mM KCl, 10 mM
Na,HPO,, and 1.5 mM KH,PO,, pH 7.8). For microinjection con-
trols, rabbit IgG immunoglobulin at 5 mg/ml in injection buffer and
GST at 5 mg/ml in HEK were used. The top of the chamber was
sealed using mineral oil. Alexa488-XMad2 was prepared as de-
scribed (Howell et al., 2000), diluted into injection buffer (10 mM
Na,HPO, 100 mM KCl, 1 mM MgCl,, pH 7.4), and injected at 2-3.5
1M needle concentration. These chambers were sealed using a top
coverslip and filled using a syringe and needle with fresh, dye-free
high-glucose L-15 medium supplemented with 0.3 U/ml the oxy-
gen-scavenging enzyme Oxyrase (Oxyrase, Inc., Mansfield, OH).

Microscopy and Image Acquisition

Immunofluorescently labeled cells were viewed with a multimode
digital fluorescence microscope system (Salmon et al., 1994). Images
were obtained with a Hamamatsu C4880 cooled CCD digital camera
(Bridgewater, NJ), using a Nikon Microphot FX-A microscope (Gar-
den City, NJ) equipped with a 60X /1.4 NA Phase 3 objective lens.
Both phase contrast and fluorescence images were obtained for
control and experimental cells. Digital images were acquired by
MetaMorph image processing software (Universal Imaging Corp.,
West Chester, PA). Z-series optical sections through each cell were
obtained at 0.5-um steps, using MetaMorph software and a Ludl
(Hawthorne, NY) stepping motor.

For live cell fluorescence and photobleaching studies, cells in
modified Rose chambers with high-glucose L-15 with Oxyrase (as
described above) were imaged on a Nikon TE300 inverted micro-
scope equipped with a sensitive, Orcal-cooled CCD camera
(Hamamatsu Photonics). Pairs of fluorescent and phase images
were obtained using a 100X 1.4 NA Plan Apo Phase 3 objective, a
100-W mercury arc lamp light source, a 100-W Quartz-Halogen
transilluminator, and a Chroma Hy-Q FITC filter set (Brattleboro,
VT). Photobleaching experiments were performed as described
(Howell et al., 2000; Maddox et al., 2000). In brief, a 488-nm line from
an argon laser (Spectra Physics, Mountain View, CA) was selected
through a band-pass filter and shuttered. Fluorescently labeled
Mad2 kinetochores were imaged before and after opening the laser
for 25 ms. The microscope and shutters were controlled by Meta-
Morph imaging software (Universal Imaging Corp.). For analysis of
Mad2 localization at 23°C, injected cells were imaged from promet-
aphase through anaphase at 6-min intervals, and a through-focal
series was taken after the last chromosome congressed to ensure
that Mad2 had been depleted.

For DIC time-lapse imaging, images were obtained with a
Hamamatsu C4880 cooled CCD digital camera, using a Nikon Mi-
crophot FX-A microscope equipped with a 60X/1.4 NA objective
lens (Hoffman ef al., 2001). This scope was in a room where the
temperature was kept at 23-24°C.

Data Analysis

Kinetochore fluorescence, minus background, and out-of-focus flu-
orescence, was quantified using MetaMorph imaging software and
the primary 12-bit images as previously described (Hoffman et al.,
2001; King et al., 2000). Briefly, computer-generated 9 X 9 and 13 X
13 pixel regions were centered over each kinetochore and the total
integrated fluorescent counts were obtained for each region. These
data were transferred into Microsoft Excel using the MetaMorph
Dynamic Data Exchange function. Background fluorescence was
calculated by subtracting the fluorescence of the inner square from
the fluorescence of the outer square and multiplying to scale for the
difference in areas. The integrated fluorescence of the kinetochore
was calculated by subtracting the background fluorescence. Two-
tailed statistical t tests were performed between measurements of
kinetochores at 23 and 37°C.
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FRAP analysis was performed as described (Howell et al., 2000).
In brief, MetaMorph software was used to determine integrated
fluorescence intensities at the kinetochore. Graphs of integrated
intensity minus background vs. time were plotted in Excel. The
first-order rate constant k was derived from the slope of the best-fit
line through the graph of In (recovery) vs. time for photobleached
regions. The half-life of fluorescence recovery was calculated by ¢, ,,
= In2/k.

Interkinetochore distances were calculated as previously de-
scribed (Waters et al., 1996; Hoffman et al., 2001). CREST antigen was
used to label kinetochores in prophase and metaphase cells at 23
and 37°C. Primary 12-bit image stacks were calibrated at the appro-
priate pixel-to-micrometer ratio using MetaMorph imaging soft-
ware, and interkinetochore distances were measured using linear
pixel regions and recorded into Microsoft Excel spreadsheets (Red-
mond, WA).

RESULTS
PtK1 Cells Have a Prolonged Metaphase at 23°C

PtK1 cells have been reported to undergo a prolonged mi-
tosis when shifted from 35-37°C to 24-25°C (Rieder, 1981),
although their kinetochores acquire normal numbers of ki-
netochore microtubules (24 *+ 5; Cassimeris ef al., 1988; McE-
wen et al., 1997). PtK1 cells that are in prophase with dissi-
pated nucleoli will progress through mitosis when shifted to
hypothermic conditions but spend longer in prometaphase
and metaphase than cells at 37°C. The time between nuclear
envelope breakdown and anaphase onset was 812 h for the
hypothermic cells, compared with 0.5-1 h at 37°C (Rieder,
1981). Cells that are in interphase at the time of the shift will
not enter mitosis until returned to the higher temperature
(Rieder and Borisy, 1981).

To further investigate the origins of this mitotic delay, we
first wanted to determine the length of the metaphase delay
in our PtK1 cell line. Coverslips of PtK1 cells were removed
from 37°C and placed in media at room temperature (23—
25°C) for 1 h before observation. Then, cells were mounted
in Rose chambers and imaged at 23-25°C using either DIC or
phase contrast time-lapse microscopy. PtK1 cells in late pro-
metaphase were chosen for observation and imaged until
telophase. The total time in metaphase was calculated from
the time of congression of the last chromosome to the meta-
phase plate until the time of anaphase onset. At 23°C, cells
spent an average of 101 min in metaphase (N = 12). The total
time in metaphase ranged from 55 to 170 min. The cell in
Figure 1 completed congression at 00:00 and entered an-
aphase at 1:08:44. This is in contrast to our PtK1 cells at 37°C,
which spent an average of 21 min in metaphase (N = 8),
ranging from 8 to 32 min. This period is similar to previous
findings that PtK1 cells at 37°C spend an average of 23 min
between when the last chromosome begins congression and
anaphase onset (Rieder et al., 1994). At the lower tempera-
ture, sister kinetochores exhibited poleward and antipole-
ward oscillations near the spindle equator during the
extended metaphase, motility typical of metaphase kineto-
chores at 37°C but with slightly slower velocities, as previ-
ously reported (Wise et al., 1991).

The Metaphase Delay at 23°C Is Due to the Mitotic
Checkpoint

The prolonged metaphase exhibited by cells at room tem-
perature could be due to a physical inability to initiate
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Figure 1. PtK1 cells exhibit a metaphase de-
lay at 23°C. After an extended prometaphase,
all chromosomes are aligned at the metaphase
plate at 0:00:00. The cell enters anaphase after
a lengthy metaphase delay. Time h:min:sec
Bar, 5 um.

anaphase or to activation of the mitotic checkpoint. Injection
of a high concentration of anti-Mad2 antibody has been
shown to induce premature anaphase in prometaphase PtK1
cells at 37°C (Gorbsky et al., 1998; Waters et al., 1998; Canman
et al., 2000). However, the mechanism by which anti-Mad2
antibody induces anaphase is unknown. Recently, a frag-
ment of Madl named Mad1F10 (aa 321-556) was shown to
induce premature anaphase in Ptk1 cells at 37°C (Canman et
al., 2002a,b). This Madl fragment contains the Madl oli-
gomerization domain and the Mad2 binding domain (Can-
man et al., 2002a,b) but lacks the kinetochore binding region,
because a Mad1 fragment consisting of aa 326-718 is unable
to localize to kinetochores (Chung and Chen, 2002). GST-
Mad1F10 acts as a dominant negative by inhibiting the
ability of Mad2 to inactivate Cdc20/APC in vitro (Canman et
al., 2002).

For these experiments, PtK1 cells on a coverslip were
removed from 37°C and placed in media at 23°C. After 1 h
at 23°C, coverslips were placed in a Rose chamber and late
prometaphase cells, often with only a single noncongressed
chromosome, were observed by time-lapse phase micros-
copy. At the beginning of metaphase (T = 00:00), after the
last chromosome arrived at the metaphase plate, cells were
injected with GST-Mad1F10. There was an interval of several
minutes between entry into metaphase and the time of in-
jection, so results for both time from injection to anaphase
onset and total time in metaphase are presented. GST-
Mad1F10 induced anaphase within 32 = 6 min (N = 5) after
injection. The injection of GST-Mad1F10 into PtK1 cells at
23°C reduced the total time spent in metaphase to 36 * 4
min. The cell in Figure 2A entered metaphase (00:00) and
then was injected with GST-Mad1F10 at 02:20. The cell en-
tered anaphase after spending 36:21 min in metaphase. Con-
trol cells at 23°C, injected in metaphase with GST alone
spent an average of 74 min total in metaphase (N = 3), and
were within the range for uninjected cells at 23°C.

Similar results were seen with anti-Mad2 antibody (N =
10), which induced anaphase onset an average of 20 = 8 min
after injection into PtK1 cells at 23°C. This is similar to the
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activity of the antibody at 37°C, which induces premature
anaphase in prometaphase cells after an average of 11 min
(Canman et al., 2000). Anti-Mad2 antibody injected cells at
23°C spent an average of 29 * 6 min total in metaphase,
which is similar to the 21 min in metaphase exhibited by
PtK1 cells at 37°C. The cell in Figure 2B entered metaphase
at 00:00 and was injected with anti-Mad2 antibody ~6 min
later. The cell entered anaphase at 27:28, 21.5 min after
antibody injection. This is dramatically shorter than the 73
min total in metaphase exhibited by rabbit IgG control-
injected cells (N = 3) at 23°C.

These data suggest that the metaphase delay at 23°C is
due to a lag in inactivating the mitotic checkpoint. The
ability of both the GST-Mad1F10 and anti-Mad antibodies to
abrogate the metaphase delay at 23°C indicates that the
room temperature PtK1 cells are capable of entering an-
aphase soon after formation of the metaphase plate.

Mad2 Is Undetectable at Metaphase Kinetochores
at 23°C

Mad2 localization to kinetochores has been shown to be
dependent on microtubule attachment rather than the ten-
sion generated by biorientation (Waters et al., 1998). Kinet-
ochores of metaphase chromosomes at 23°C acquire normal
numbers of kinetochore microtubules (Cassimeris ef al.,
1988) and therefore are not predicted to exhibit Mad?2 local-
ization at kinetochores during the prolonged metaphase.
Visualization of Mad2 dynamics in live PtK1 cells at 37°C
revealed that anaphase onset occurs 10 min after depletion
of Mad2 from the kinetochore of the last congressing chro-
mosome (Howell et al., 2000), suggesting a temporal link
between Mad2 depletion from kinetochores and anaphase
onset. We decided to investigate Mad2 dynamics in PtK1
cells at 23°C to determine if Mad2 depletion from kineto-
chores was correlated with anaphase onset.

To visualize Mad2 at kinetochores during metaphase at
23°C, we injected fluorescently labeled Alexa488-XMad2
into prometaphase PtK1 cells that had been at 23°C for 1 h.
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Injected cells were followed by phase and epifluorescent
time-lapse microscopy. Mad2 appeared to localize normally
at 23°C, appearing at unattached kinetochores and often at
spindle poles proximal to labeled kinetochores, as reported
by Howell et al. (2000) for cells at 37°C. After chromosome
congression to the metaphase plate, Mad2 became undetect-
able at the newly aligned kinetochore within 6-18 min, a
duration similar to its dynamics at 37°C. However, at 23°C
Mad2 was lost from the kinetochore of the last congressing
chromosome an average of 80 min before anaphase onset
(N = 10), whereas at 37°C, anaphase onset occurs an average
of 10 min after Mad2 disappears from the last congressing
chromosome (Howell et al., 2000).

An example is shown in Figure 3. Mad2 is visible at the
kinetochore as the last chromosome reaches the metaphase
plate (arrows), and Mad2 is no longer visible at the kinetochore
within 7 min of biorientation as viewed by Z-series optical
sectioning. After Mad?2 is lost from the kinetochore, it persists
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Figure 2. Mad2 is required for the meta-
phase delay at 23°C. (A) Injection of GST-
Mad1F10 eliminates the metaphase delay
in PtK1 cells at 23°C. After all chromo-
somes reached alignment at the meta-
phase plate (arrow), the cell was injected
with GST-Mad1F10 (asterisk). The cell en-
tered anaphase a short time later. Time is
shown in minutes:seconds. Bar, 5 um. (B)
Injection of anti-Mad2 antibody elimi-
nates the mitotic delay in PtK1 cells at
23°C. After the last chromosome reached
alignment at the metaphase plate (arrow),
the cell was injected with anti-Mad2 anti-
body (asterisk). The cell entered anaphase
a short time later. Time is shown in minut-
es:seconds. Bar, 5 um.

at the proximal pole (arrowhead), behavior that is also seen in
PtK1 cells at 37°C. The cell enters anaphase at 1:13:12, 54 min
after Mad?2 is no longer visible at kinetochores or spindle poles.
This is much longer than the 10 min between loss of Mad2 and
anaphase onset at 37°C (Howell ef al., 2000).

We also investigated the turnover of Mad?2 at kinetochores
at 23°C using measurements of Fluorescence Recovery After
Photobleaching (FRAP). Prometaphase PtK1 cells at room
temperature were injected with Alexa488-XMad2 protein as
described above. During time-lapse acquisition, labeled, un-
attached, or partially attached kinetochores were photo-
bleached using a 25-ms exposure from a focused argon laser,
and recovery was monitored for 5 min. The ¢, ,, was calcu-
lated using MetaMorph software as previously described
(Howell et al., 2000). At 23°C, Alexa488 Mad2 turns over
with at;,, of 36 s (N = 15). Mad2 fluorescence recovery was
nearly complete, returning on average to 97% of initial
bleached fluorescence. In Figure 4, the kinetochore is
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Figure 3. Fluorescent and phase-contrast
time lapse images of a living mitotic PtK1
cell at 23°C injected with Alexa-488XMad2.
Fluorescent XMad2 localizes to the kineto-
chore of the unaligned chromosome (ar-
row), and becomes lost as the chromosome
reaches the metaphase plate. Mad2 fluores-
cence is also briefly visible at the proximal
spindle pole (arrowhead). The cell remains
in metaphase long after fluorescent Mad2 is
no longer visible at the kinetochore or spin-
dle pole. Time is shown in hours:minutes:
seconds. Bar, 5 um.

bleached at 24 s and has reached half-recovery at 1:00, 36 s
after bleaching. By 2:10, the kinetochore has recovered to
prebleach levels. The t, ,, is slightly longer at 23°C than the
t,,, of 24 s at 37°C, but this difference is in the wrong
direction to explain the 80-min delay between loss of Mad2
and anaphase onset, if checkpoint activity depends on the
rate of Mad2 turnover at kinetochores (Fang et al., 1998;
Gorbsky et al., 1998; Howell et al., 2000).

Live cell analysis at 23°C reveals that Mad2 exhibits rapid turn
over at kinetochores and is depleted from kinetochores soon after

Prebleach
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chromosome congression. This shows that at 23°C, loss of Mad2
from kinetochores is not sufficient to induce anaphase onset. The
metaphase delay at 23°C is not due to detectable Mad2 persisting
at attached, aligned kinetochores or spindle poles

Metaphase Kinetochores Are under Reduced Tension
at 23°C Compared with 37°C

At metaphase, bioriented chromosomes are under tension
because of net pulling forces of opposing microtubules

Postbleach Half Recove Full Recove

Figure 4. FRAP analysis of Mad2 turnover at
kinetochores in PtK1 cells at 23°C. (A) Cells were
fluorescently imaged before and after photo-
bleaching of a single kinetochore (arrow). Ar-
rowhead represents Mad2 at the spindle pole.
Prebleach, postbleach, and recovery images are
shown. Time is in minutes:seconds. (B) Corre-
sponding FRAP graph of Mad2 turnover at the
bleached kinetochore. Square represents the ki-
netochore, while the diamonds are measure-
ments of background fluorescence. Arrow rep-
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Table 1. Interkinetochore distances

No. of
Distances chromosomes/cells
23°C prophase 1.3 = 0.19 (1.0-1.8) 35/4
37°C prophase 1.2 +0.08 (1.1-1.4) 25/3
23°C metaphase 2.9 *=0.72 (1.8-4.6) 110/12
37°C metaphase 3.3+ 0.7 (1.8-4.9) 102/11

Values are means * SD in um, with range in parentheses.

(Khodjakov et al., 1996; Waters et al., 1998). To test if tension
is affected at 23°C, we measured the stretch of the centro-
meric chromatin between sister kinetochores. The distance
between sister kinetochores reflects the amount of tension,
because sister kinetochores are further apart at metaphase
than at prophase or in taxol, where there are no pulling
forces (Waters ef al., 1998).

PtK1 coverslips were permeablized and fixed at 23°C after
1 h at 23°C. Control cells were permeablized and fixed at
37°C. Cells were then processed in parallel for immunoflu-
orescence labeling of kinetochores using CREST serum,
which recognizes the core kinetochore proteins CENP-A, -B,
and -C (Maney ef al., 2000). Immunofluorescence images
were collected as Z-series optical sections and analyzed
using MetaMorph software. Interkinetochore distance was
calculated as previously described (Waters et al., 1996, 1998).
As shown in Table 1, the distance between sister kineto-
chores at prophase, or the rest length, at either 23 or 37°C
was similar, 1.3 and 1.2 um, respectively. At metaphase,
when chromosomes are stretched by pulling forces at sister
kinetochores, there was a small but statistically significant
difference in the average interkinetochore distance between
metaphase cells at 23 and 37°C. At 23°C, the distance was 2.9
pm compared with 3.3 um at 37°C (p < 0.0005). Therefore,
the average centromere stretch at metaphase (distance at
metaphase minus rest length) was 1.6 um at 23°C and 2.1
pm at 37°C. This indicates that at 23°C metaphase kineto-
chores are under 24% less tension on average than meta-
phase kinetochores at 37°C. This difference in tension may
be responsible for the prolonged metaphase delay at room
temperature.

Quantification of Mad2, 3F3/2, Bub1, and BubR1 at
Metaphase Kinetochores

There are many kinetochore components involved in the
mitotic checkpoint. Although Mad2 localization at kineto-
chores has been shown to be dependent on microtubule
attachment (Waters et al., 1998), other factors have been
shown to be responsive to tension. For example, the 3F3/2
phosphoepitope is dephosphorylated in response to tension
(Nicklas et al., 1995), independent of microtubule attachment
(Waters et al., 1998). Also, the localization of the kinases
Bubl and BubR1 has been reported to be responsive to loss
of tension in HeLa cells (Skoufias et al., 2001; Taylor et al.,
2001). Because of the relative decrease in tension found at
room temperature metaphase kinetochores, we were inter-
ested in determining the levels of these kinetochore compo-
nents at 23°C.
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Table 2. Integrated kinetochore fluorescence intensities at 23 and
37°C

Intensity

23°C 37°C P

Mad2 unaligned
Mad2 aligned

7737 = 1967 (14)
233 + 155 (11)
3F3 unaligned 22374 = 8952 (18)
3E3 aligned 5980 *+ 3656 (75)
BubR1 unaligned 24071 = 6921 (16)
BubR1 aligned 8483 *+ 5171 (109)
Bubl unaligned 16150 = 9813 (51)
Bubl aligned 4734 + 2320 (117)

8102 + 2348 (14)  0.659
242 +77(19)  0.871
20836 + 7589 (17)  0.687
4386 + 3015 (81)  0.004
29205 + 7038 (19)  0.037
6242 = 3664 (101)  0.0003
15504 + 5152 (74)  0.668
3756 + 1881 (117)  0.0004

Values are means = SD, with n in parentheses.

PtK1 cells were fixed at 23°C after 1 h at 23°C, whereas
control cells were fixed at 37°C. Immunofluorescence of
Mad2, 3F3/2, Bub1, and BubR1 was performed as described
in MATERIALS AND METHODS. Z-series optical stacks of
images were acquired, and quantification of average inte-
grated fluorescence was performed using Metamorph soft-
ware (King ef al., 2000; Hoffman et al., 2001). Only kineto-
chores exhibiting fluorescence were measured, without
taking into account kinetochores that lacked staining. All
metaphase kinetochores exhibit detectable 3F3/2, Bub1, and
BubR1 staining, whereas few had detectable Mad2. There-
fore the Mad2 measurements are likely to be overestimates
of the average. Similar numbers of kinetochores were mea-
sured per cell.

Mad2 levels at unaligned and aligned metaphase kineto-
chores were calculated at 23 and 37°C. Results are shown in
Table 2, and normalized fluorescence is shown in Figure 5A.
As previously reported (Hoffman et al., 2001), Mad2 levels
are very high at unaligned kinetochores and drop dramati-
cally at metaphase kinetochores. There was no appreciable
difference in Mad2 levels between unaligned kinetochores at
23 and 37°C or between metaphase kinetochores at 23 and
37°C. The fixed cell analysis is consistent with the similar
Mad2 dynamics observed in live cells at 23 and 37°C.

Table 2 also shows the measured 3F3/2 levels at kineto-
chores. Similar amounts of 3F3/2 were found at unaligned
kinetochores at 23 and 37°C. However, the metaphase kinet-
ochores at 23°C had a 37% higher level of 3F3/2 fluorescence
than metaphase kinetochores at 37°C. This difference is sta-
tistically significant (p < 0.005). Normalized values are
shown in Figure 5B. Metaphase kinetochores at 37°C had
five times less 3F3/2 than at prophase, whereas at 23°C
metaphase kinetochores had a less than fourfold reduction
in 3F3/2 fluorescence compared with prophase. The higher
3F3/2 fluorescence at 23°C is consistent with the measured
decrease in tension at these kinetochores.

Bubl fluorescence intensities are shown in Table 2. There
is no statistical difference in Bub1 levels on unaligned kinet-
ochores at 23°C compared with 37°C. However, Bub1 levels
on aligned kinetochores at 23°C were increased 26% >37°C
levels. The difference in Bubl levels at metaphase between
the two temperatures was statistically significant (p <
0.0005). Normalized values are shown in Figure 5C.

Molecular Biology of the Cell



Mad2 3F3/2

Checkpoint Response to Loss of Tension

BubR1

>

HMorm alized Flusrescence

Mad2

3233

IF3

vel

PR

Morm alized Fluarescence
o ow

Mad? unaigned Mad? aligned F unaligned 3F3 abgned

@]

Bub1 D BubR1

_.lh
-

£

Figure 5. Fluorescent intensities of kinetochores at 23
and 37°C. Top panels show representative fluorescent
images of PtK1 cells at 23°C stained with the antibodies
indicated. (A-D) Quantitative comparison of relative
changes in fluorescence. Values from Table 2 were nor-

gl
s in k3 an ta wn B oinoen

=

MNormalized Fluorescence

iuza
Lk

|outaxol
 Lecual

MNorm alized Fluorescence

[TT]

malized using the fluorescence at aligned kinetchores at
37°C.

Bub1 unaigned Bub1 aligned BubR unaligned BubiR! digned

BubR1 fluorescence was also calculated for kinetochores
at 23 and 37°C. BubR1 levels were similar on unaligned
kinetochores at both temperatures. As shown in Table 2,
BubR1 levels were 36% higher at aligned metaphase kinet-
ochores at 23°C than those at 37°C (p < 0.0005). Normalized
fluorescence is shown in Figure 5D. Metaphase kinetochores
at 37°C exhibited a nearly fivefold reduction in BubR1 levels
relative to unattached kinetochores, similar to previous ob-
servations (Hoffman et al., 2001). In contrast, at 23°C, meta-
phase kinetochores had only about a threefold reduction in
BubR1 levels.

It seems likely that the decrease in tension at 23°C is
responsible for the increased BubR1 levels at kinetochores;
however, we had previously not seen an increase in BubR1
levels after loss of tension in Ptkl cells treated with taxol
(Hoffman et al., 2001). We repeated measurements of BubR1
levels at metaphase kinetochores in Ptkl cells at 37°C with
and without 10 uM taxol. Treatment of cells with taxol for 45
min caused a complete loss of tension, as interkinetochore
distance was reduced to that of prophase cells. BubR1 levels
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on aligned metaphase kinetochores were increased 38% in
taxol-treated cells compared with controls (Figure 5D). This
increase in response to taxol is small but statistically signif-
icant (p = 0.0003). This increase in BubR1 levels after taxol
treatment is similar to the increase seen at 23°C, evidence
that the elevated BubR1 levels are indeed the result of de-
creased tension.

This analysis of kinetochore components shows that at
23°C, metaphase levels of 3F3/2, Bubl, and BubR1 fluores-
cence are elevated compared with 37°C (Table 2 and Figure
5). Although the elevation is subtle, it is statistically signif-
icant and correlates with the slight decrease in tension.
Initial levels of kinetochore components at unaligned kinet-
ochores are not significantly different at the two temper-
atures. Presumably, the increase in levels of kinetochore
components at metaphase is due to the decrease in tension
at the lower temperature. There is no significant difference
in Mad2 levels at 23 versus 37°C, consistent with our live
cell observations and previous findings that Mad2 levels
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are regulated by attachment, not tension (Waters et al.,
1998).

Microinjection of BubR1 Antibodies Abrogates the
Metaphase Delay

Because we found elevated levels of BubR1 on metaphase
kinetochores at 23°C, we were interested in determining if
BubR1 was required for the checkpoint-induced delay. To
test this we microinjected anti-BubR1 antibody into PtK1
cells. Previous studies have shown that microinjection of
BubR1 antibody into HeLa cells prevents mitotic arrest in
the presence of nocodazole (Chan et al., 1999).

PtK1 cells that had been at 23°C for 1 h were mounted in
modified Rose chambers as described. Prometaphase cells
were filmed until the last congressing chromosome arrived
at the metaphase plate. Cells were then microinjected with
anti-BubR1 antibody, and filming continued until cells had
reached telophase. Injected antibodies brightly labeled ki-
netochores. Injection of anti-BubR1 antibody reduced the
time spent in metaphase at 23°C. The average time from
injection to anaphase onset was 16 = 4 min (N = 5). The total
time these cells spent in metaphase was 19 * 2 min. This is
in contrast to control cells injected with rabbit IgG, which
spent an average of 73 min in metaphase (N = 3), within the
range for uninjected cells at 23°C. The PtK1 cell at 23°C in
Figure 6 aligned all chromosomes at the metaphase plate
and was injected (asterisk) with anti-BubR1 at 1:08 min. The
cell entered anaphase after spending 22:08 min in meta-
phase. The ability of the anti-BubR1 antibody to greatly
reduce time spent in metaphase at 23°C indicates that BubR1
is required for the checkpoint-dependent delay.
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Figure 6. Injection of anti-BubR1 an-
tibody abrogates the metaphase delay
in PtK1 cells at 23°C. After the last
chromosome reached alignment at the
metaphase plate (arrow), the cell was
injected with anti-BubR1 antibody (as-
terisk). The cell entered anaphase a
short time later. Time is shown in min-
utes:seconds. Bar, 5 um.

Double Microinjections Suggest That There Is a
Single Checkpoint Pathway

Skoufias ef al. (2001) proposed that Mad2 and BubR1 act in
independent checkpoint pathways responding to attach-
ment and tension, respectively. We reasoned that if there
were two different inhibitory complexes, inhibiting both
Mad2 and BubR1 may induce anaphase more quickly than
inactivating only one.

Ptk1 cells at 23°C were injected as described previously.
Early metaphase cells were first injected with GST-Mad1F10,
then after a few minutes injected with anti-BubR1 antibody.
Cells entered anaphase an average of 31 * 8 min after the
GST-Mad1F10 injection (N = 5), spending an average of
36 * 6 min in metaphase. The cell in Figure 7 was injected
with GST-Mad1F10 at 4:15 min. Anti-BubR1 antibody was
injected soon after, and anaphase onset occurred at 29:50, 25
min, 35 s after the initial injection. This is nearly identical to
the results seen with GST-Mad1F10 injection alone (Figure
2A), which induced anaphase after an average of 32 min and
is within the range expected for anti-BubR1 single injections.
These results suggest that there is a single mitotic checkpoint
pathway that depends on both Mad2 and BubR1.

Mad1F10 Abrogates the Checkpoint in HeLa Cells
Treated with Low Levels of Vinblastine

The hypothesis that Mad2 and BubR1 function in two sep-
arate pathways was based on studies with Hela cells
(Skoufias et al., 2001). As a further test of this hypothesis, we
treated HeLa cells with 6.7 nM vinblastine, which has been
shown to reduce tension and induce mitotic arrest (Skoufias
et al., 2001) and microinjected GST-Mad1F10 as described in
MATERIALS AND METHODS (N = 5). Microinjection of
Mad1F10 disrupted the mitotic checkpoint, allowing the
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Figure 7. Double injection of GST-
Mad1F10 and anti-BubR1 antibody sug-
gests that there is a single mitotic check-
point pathway. After the PtK1 cell at
23°C reaches metaphase (arrow), it is
injected first with GST-Mad1F10 and
then with anti-BubR1 antibody (aster-
isks). The cell enters anaphase at 29:50.
Time is shown in min:sec. Bar, 5 um.

cells to exit mitosis. These cells began blebbing on average
73 = 12 min after injection, indicative of C phase. C phase
occurs when cells exit mitosis in the absence of microtu-
bules; the cell cortex has a defined period of contractility
during which cytokinesis can occur if microtubules are al-
lowed to reform (Canman et al., 2000). The blebbing during
C phase follows anaphase (Canman et al., 2000), but the
separation of chromatids was not visible because of the

Checkpoint Response to Loss of Tension

rounding of Hela cells during mitosis. The cells continued
to blebb for an average of 52 *+ 14 min before beginning to
respread and reform nucleoli and nuclear envelope without
completing cytokinesis. An example is shown in Figure 8.
The cell in vinblastine was injected with Mad1F10 (00:00)
and began to exhibit contractility at the cortex at 1:41. After
extensive blebbing, the cell began to respread at 2:05, and
reforming nucleoli are visible at 2:26. In control experiments,

Figure 8. Microinjection of Mad1F10 abrogates the checkpoint in HeLa cells treated with low doses of vinblastine. HeLa cells in 6.7 nM
vinblastine were injected with GST-Mad1F10 (asterisk). The cell enters C phase, then respreads and reforms nucleoli, indicating exit from

mitosis. Time is shown in h:min.
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microinjection of GST alone did not induce C phase or
mitotic exit (N = 3), and these control cells remained
rounded and mitotic for the duration of filming (>2 h).
These experiments demonstrate that perturbation of Mad2
function disrupts the mitotic arrest caused by a loss of
tension in HeLa cells.

DISCUSSION

Hypothermic Conditions Result in Decreased
Tension and a Checkpoint-mediated Delay in
PtK1 Cells

Previously, PtK1 cells were shown to have a prolonged
mitosis when cooled from 37 to 23°C (Rieder, 1981). Because
these cells have a normal number of kinetochore microtu-
bules (Cassimeris et al., 1988) and chromosomes retain the
ability to oscillate at the metaphase plate (Wise et al., 1991),
the reason for the mitotic delay was unknown. Here we have
shown that kinetochores at 23°C are under less tension on
average than those at 37°C. This analysis assumes that the
stiffness of the centromeric chromatin does not change with
temperature. In support of this assumption, we found that
the 3F3/2 labeling at 23°C is higher than at 37°C. Nicklas et
al. (1995) have shown that loss of 3F3/2 labeling at kineto-
chores is directly dependent on tension. Whether this de-
crease in tension is due to reduced microtubule dynamics or
a slowing of motor activity at the lower temperature is
unclear. It is likely that the decrease in tension is the cause of
the prolonged metaphase. Tension is monitored by the
checkpoint, as tension from a microneedle on a misattached
chromosome leads to anaphase onset (Li and Nicklas, 1995).
It is somewhat surprising that the checkpoint is sensitive to
a 24% reduction in tension, but this reduction results in a
delay, not an arrest. A similar phenomenon was observed in
grasshopper spermatocytes where weakly attached chromo-
somes, which have few kinetochore microtubules and are
under reduced tension, delay but do not prevent anaphase
onset (Nicklas et al., 2001). In budding yeast, it has been
shown that the lack of tension at attached, unreplicated
kinetochores produces a mitotic delay but not a block, much
as we have described here for Ptk1 cells at 23°C. As we have
shown in our studies, the tension dependent delay in yeast
is also dependent on Mad2 (Stern and Murray, 2001). The
delay in metaphase at 23°C is due to the spindle checkpoint,
because once the checkpoint is inactivated by injection of
GST-Mad1F10, anti-Mad?2 antibody, or anti-BubR1 antibody,
the cells enter anaphase.

Although we cannot completely rule out the possibility
that the metaphase delay is due to prolonged lifetime or
stability of the inhibitory complex bound to Cdc20 at 23°C,
we think this is unlikely. This is because microinjection of
Mad1F10 substantially shortens the delay. Mad1F10 lacks
the kinetochore targeting domain of Madl but retains the
Mad2 binding domain (Canman ef al., 2002a, 2002b; Chung
and Chen, 2002), which is nearly identical to the Mad2
binding domain in Cdc20 (Luo et al., 2002). In vitro, Mad2
forms complexes exclusively with either Mad1 or Cdc20 and
does not form a Mad1-Mad2-Cdc20 ternary complex (Sironi
et al., 2001). Therefore, Mad1F10 likely binds free Mad2 and
prevents localization of Mad2 to kinetochores and/or bind-
ing of Mad2 to Cdc20 (Canman et al., 2002; Chung and Chen,
2002). Although it is possible that a large excess of Mad1F10
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can bind to the Mad2/Cdc20 complex, we feel it is more
likely that Mad1F10 disrupts Mad2/Cdc20 by preventing
new complex formation, rather than binding directly to
Mad2/Cdc20 and accelerating the dissociation rate of this
complex. Our data suggest that continual formation of in-
hibitory complex is necessary for checkpoint activation and
the metaphase delay at 23°C.

Localization of Kinetochore Components Is
Regulated by Attachment and/or Tension

Previous studies indicated that Mad2 localization to kineto-
chores is regulated by attachment, not tension (Waters et al.,
1998). Our experiments with PtK1 cells at 23°C support this
conclusion. Although kinetochores at 23°C have a normal
number of microtubules (Cassimeris ef al., 1988), there is a
slight reduction in tension at all kinetochores. There is no
evidence of elevated levels of Mad2 at any kinetochores or
poles at 23°C by immunofluorescence of fixed cells. Obser-
vation of fluorescently labeled Mad2 in live cells at 23°C
showed that Mad2 disappeared from kinetochores and then
spindle poles, shortly after chromosome alignment at the
metaphase plate, behavior typical of cells at 37°C. Even
though no Mad2 was detectable, the cells remained in meta-
phase for an average of 80 min. It is possible that there is still
an undetectable amount of Mad2 at kinetochores that pre-
vents anaphase onset, but using similar techniques and im-
aging systems, PtK1 cells at 37°C enter metaphase 10 min
after Mad2 is no longer detectable. Altered turnover of
Mad2 at 23°C is also not able to explain the metaphase delay.
Turnover of Mad2 from kinetochores is thought to be im-
portant for APC/C inhibition in the cytoplasm (Howell ef al.,
2000). If Mad?2 turnover was increased at 23°C, this would
indicate that a greater amount of inhibitory complex may be
formed. However, we determined that Mad2 turnover at
23°C was slightly slower than at 37°C.

Bubl and BubR1 are required for the checkpoint, but
unlike Mad2, the localization of these proteins to kineto-
chores may partly depend on tension. Recent work has
shown Bubl and BubR1 levels, but not Mad2 levels, are
partially elevated at HeLa cell kinetochores in response to a
decrease in tension caused by low levels of vinblastine or
noscapine (Skoufias ef al., 2001; Zhou et al., 2002). A similar
result is found in our PtK1 cells where tension is reduced by
cooling to 23°C. The decrease in tension results in partially
elevated levels of Bubl and BubR1 but not Mad2 on meta-
phase kinetochores. Similar increases in BubR1 levels are
seen after treatment of Ptkl cells with taxol. After loss of
tension, Bubl and BubR1 levels do not increase to promet-
aphase levels; therefore, microtubule attachment does play a
major role in kinetochore localization of these proteins
(Hoffman ef al., 2001; Skoufias et al., 2001; Zhou et al., 2002).
Bub1 levels at kinetochores in HelLa cells are regulated by
both attachment and tension, because microtubule attach-
ment to one sister kinetochore causes a decrease in Bubl
only on the attached sister, and lack of tension caused by
taxol treatment of metaphase cells increases Bubl levels at
both attached sister kinetochores (Taylor et al., 2001).

We also found an increase in the phosphorylation recog-
nized by the 3F3/2 antibody in response to decreased ten-
sion. Injection of high levels of 3F3/2 antibody has been
shown to delay anaphase onset; the epitope remains at ki-
netochores throughout the prolonged metaphase in injected
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cells but disappears by anaphase onset (Campbell and Gorb-
sky, 1995). The elevated levels of the 3F3/2 epitope during
the delay at 23°C reflect the kinetochore’s phosphorylated
state that suggests that the checkpoint is active. The 3F3/2
epitope has been shown to be depleted in response to ten-
sion, reflecting a biochemical change in the kinetochore in
response to mechanical forces (Nicklas et al., 1995).

Small Changes at All Kinetochores Can Have an
Additive Effect

Even although metaphase 3F3/2, Bub1, and BubR1 levels at
23°C are only 26-37% higher than at 37°C, the levels of these
kinetochore components may be sufficient to keep APC/C
inactive. A small elevation of protein levels at all 22 Ptkl
kinetochores could have the same effect as a large amount on
a single, unattached kinetochore. For example, consider the
normalized amounts of BubR1 at kinetochores in Figure 5D.
For a metaphase cell at 37°C, the amount of BubR1 at kinet-
ochores would be 1 X 22 kinetochores, or 22 total. For a cell
at 37°C with a single unattached kinetochore, BubR1 levels
would be 1 X 21 attached kintochores + 4.7 at the unat-
tached kinetochore, or 25.7 total. For a metaphase cell at
23°C, the level of BubR1 is 1.4 X 22 kinetochores, or 30.8.
Therefore, the total amount of BubR1 at kinetochores at
metaphase at 23°C is greater than in a cell with a single
unattached kinetochore. This analysis indicates that small
changes at all kinetochores can have a significant additive
effect. Not only can a single, unattached kinetochore delay
anaphase onset, but attached kinetochores under reduced
tension can combine to produce a “wait anaphase” signal.
The elimination of the metaphase delay after injection of
anti-BubR1 antibodies suggests that this is the case for Ptkl
cells at 23°C.

Two Independent Mitotic Checkpoints or Two
Branches of a Single Pathway?

The target of the mitotic checkpoint is the APC/C activator
Cdc20. Mad2 has been shown to form a ternary complex
with Cdc20 and APC/C, which is inactive (Fang et al., 1998).
This led to a model for checkpoint activation in which un-
attached kinetochores acted to catalyze the formation of the
Mad20-Cdc20 complex (Howell ef al., 2000).

However, recent work has shown that APC/C regulation
is much more complex, and Mad2 is unlikely to be the sole
inhibitor. The identification of the MCC and BubR1 as ad-
ditional APC/C inhibitors complicates our understanding of
the checkpoint pathway (Fang, 2002; Skoufias et al., 2001;
Tang et al., 2001). Do Mad2 and BubR1 act in independent,
parallel pathways? Or do Mad2 and BubR1 function as two
branches of the same pathway? We propose that Mad2 and
BubR1 act cooperatively in a single pathway to prevent
premature anaphase onset. Inactivation of either Mad2 or
BubR1 by microinjection of inhibitors shows that the activity
of both proteins is required for the metaphase delay at 23°C.
Mad2 may function at kinetochores to sense attachment to
microtubules, whereas BubR1 monitors tension at the kinet-
ochore. Our analysis of kinetochore component localization
in response to a decrease in tension caused by lower tem-
perature supports this model. Even though Mad2 levels are
not elevated at kinetochores during the metaphase delay,
Mad2 is still required for the checkpoint. It may be that there
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is a small but undetectable amount of Mad2 at all kineto-
chores that participate with elevated BubR1 to maintain the
checkpoint. Alternatively, the elevated BubR1 at kineto-
chores may bind Cdc20 and prime Cdc20 for binding to free
Mad2. In support of this idea, BubR1 enhances the ability of
Mad2 to inhibit Cdc20 activation of APC in vitro (Fang,
2002). Our data also agree with the findings of Chung and
Chen (2002) that free Mad2 is required for maintenance of
the checkpoint.

The checkpoint response to loss of tension in HelLa cells
caused by 6.7 nM vinblastine was reported to be Mad2
independent (Skoufias et al., 2001). However, our data sug-
gest that the two pathways do not act independently of one
another, because injection of either GST-Mad1F10 or anti-
BubR1 antibodies induces anaphase onset at 23°C with the
same timing as injection of both. Also, injection of anti-Mad2
antibody is able to bypass the checkpoint induced by taxol in
PtK1 cells at 37°C, which induces the loss of tension without
much elevation of kinetochore Mad2 (Waters et al., 1998).
Skoufias et al. (2001) were not able to induce anaphase in
vinblastine arrested cells with the anti-Mad2 antibody. We
suspect that the Mad2 antibody from our lab used in their
experiments was not fully active. We have found that the
antibody loses activity with time, and anti-Mad2 antibody,
which can induce premature anaphase in untreated promet-
aphase cells, is not always competent to induce anaphase in
nocodazole-arrested cells. To resolve this issue, we have
performed the vinblastine experiments in HeLa cells and
found that inhibition of Mad2 by Mad1F10 microinjection
does abrogate the checkpoint in response to loss of tension.
Therefore, to our knowledge, there is no mitotic checkpoint
that does not require Mad2. Our data suggest that Mad?2 is
essential for a mitotic block in response to either lack of
microtubule attachment or loss of tension.
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